Pharmacokinetic studies with oral treprostinil demonstrate that three times daily (TID) dosing reduces peak-to-trough plasma trepostinil fluctuations compared with twice daily (BID) dosing. TID dosing may allow for faster titration, higher total daily doses, and potentially improve the tolerability of oral trepostinil. This analysis, which looks at the real-world dosing of oral treprostinil, supports the utility of TID dosing.
Introduction
Oral treprostinil was approved by the U.S. Food and Drug Administration in December 2013 as the first oral prostacyclin analogue for the treatment of pulmonary arterial hypertension (PAH). The recommended starting dose is 0.25 mg twice daily (BID) or 0.125 mg three times daily (TID), with dose titrations of 0.25-0.5 mg BID or 0.125 mg TID every 3-4 days to the highest tolerated dose. 1 The initial pivotal clinical trials 2-4 evaluated a BID dosing regimen but generated interest for a TID dosing strategy. A long-term, open-label extension study evaluated both BID and TID regimens, yielding dosing, tolerability, and safety data over a period of up to 8.5 years. 5 Pharmacokinetic data suggest that TID dosing reduces peak-to-trough plasma treprostinil fluctuations compared to BID dosing and may improve overall tolerability. 6, 7 Given the flexibility in dosing, the purpose of this analysis is to characterize the ''real-world'' dosing of oral treprostinil in clinical practice, including total daily doses (TDDs) achieved, rates of titration for BID and TID dosing, and the impact of previous exposure to treprostinil.
Methods
Medication shipment records were collected from patients who received at least one shipment of oral treprostinil from their specialty pharmacy service (SPS) between June 2014 (when first commercially available) and October 2016. Patients who switched between BID and TID dosing, patients who transferred between SPS providers, and patients in clinical studies were excluded. From the complete dataset of eligible patients, 76% of patients were prescribed TID dosing and 24% of patients were prescribed BID dosing.
For this study, a representative sample of 1600 patients was randomly selected for further analyses. This sample included 1200 patients receiving TID dosing and 400 patients receiving BID dosing, to reflect similar frequencies of BID and TID dosing from the complete dataset of eligible patients. Patients were further segmented as ''de novo'' (i.e. those who never received treatment with treprostinil) and ''transition'' (i.e. those who received intravenous/subcutaneous (IV/SC) or inhaled treprostinil shipments up to six months before being transitioned to oral treprostinil), resulting in the following patient subsets: TID-de novo (n ¼ 758); TID-transition (n ¼ 442); BID-de novo (n ¼ 320); and BIDtransition (n ¼ 80).
Dosing was reported as shown in the SPS shipment records. If a patient received multiple shipments in a given month, then the TDD was based on the highest dose reported. Titration rates were calculated for de novo patients based on the dose acceleration rate (DAR), calculated by measuring the slope of dose increase from month 1 to month 6. The DARs were not reported for transition patients, as these patients likely received both formulations (oral and IV/SC or inhaled) during the transition period. Comparisons in DAR were made using the Wilcoxon test.
Results
In the overall TID dosing group from the representative sample (n ¼ 1200), the median TDD achieved was 5.3 mg, 8.3 mg, 9.6 mg, and 10.8 mg at 3, 6, 12, and 18 months, respectively (Fig. 1a) . In the BID dosing group (n ¼ 400), the median TDD was 2.5 mg, 4.0 mg, 5.0 mg, and 5.5 mg at 3, 6, 12, and 18 months, respectively. The median DARs were 1.2 mg/month for the TID-de novo group (n ¼ 336) and 0.6 mg/month for the BID-de novo group (n ¼ 122). The difference in DARs between groups was statistically significant (P < 0.0001).
TID-transition patients achieved the highest median TDD, followed by TID-de novo patients, BID-transition patients, and BID-de novo patients (Fig. 1b) . Among transition patients, the median dose of IV/SC treprostinil was 44.0 ng/kg/min and the median time on parenteral therapy before transitioning was 20.9 months. The median dose of inhaled treprostinil was nine breaths four times daily (QID) and the median time on therapy before transitioning was 15.3 months. In the TID-transition patients, the median TDD achieved was 6.4 mg, 9.0 mg, 12.0 mg, and 12.0 mg at 3, 6, 12, and 18 months, respectively. In the BID-transition patients, the median TDD was 4.0 mg, 5.0 mg, 6.5 mg, and 7.0 mg at 3, 6, 12, and 18 months, respectively. TID-transition patients who transitioned from IV/SC treprostinil received the highest median starting TDD of 7.5 mg and achieved the highest median TDD of 21 mg (Fig. 1c) . 
Discussion
These data indicate that TID dosing is three times more prevalent than BID dosing in the real-world clinical setting. Up-titration during the first six months of therapy was twice as fast with TID versus BID dosing. We speculate the more prevalent use of TID dosing and the ability to reach higher TDDs may reflect an improved tolerability profile as compared with BID dosing. In an open-label trial, a pharmacokinetic analysis of a cohort of patients transitioning from BID to TID dosing found that TID reduced the peak-to-trough ratio (increased C min ) and was associated with improved tolerability. 6 In a separate study that evaluated patients transitioning from parenteral to oral treprostinil, both BID and TID dosing showed systemic exposures similar to the parenteral formulations; however, the TID regimen reduced the peak-to-trough fluctuations compared with BID dosing. 7 A more stable plasma concentration may reduce the frequency and severity of adverse events, facilitating dose up-titration.
It is interesting to contrast the oral treprostinil doses achieved in our analysis relative to those achieved in clinical trials. The mean doses achieved were 3.0 mg and 3.1 mg BID at 16 weeks in two studies that evaluated oral treprostinil added on to background PAH therapies, 2,3 and 3.4 mg BID at 12 weeks in a treatment-naı¨ve population. 4 An open-label extension study reported mean doses of 3.6 AE 2.7 mg, 4.2 AE 3.1 mg, and 5 AE 3.7 mg BID at 6, 12, and 24 months, respectively. 1, 8 In our analysis, median TDDs were 2.5 mg with BID dosing and 5.3 mg with TID dosing at 12 weeks. Uptitration continued, such that at the end of our 18-month analysis, TDDs were 5.5 mg with BID dosing and 10.8 mg with TID dosing. Thus, the TDDs achieved with BID dosing in the real world were generally lower when compared to those achieved with BID dosing in the controlled clinical trials. However, the TDDs achieved with TID dosing in the real world were generally higher when compared to doses from clinical trials. This is important as it has been suggested that doses achieved using a BID dosing strategy in the controlled clinical trials may be insufficient. 9, 10 Data from a recent post-hoc analysis of the studies that evaluated oral treprostinil added on to background PAH therapies suggest a dose response effect, with 6-min walk distance (6MWD) improving steadily in patients achieving higher doses. 11 In a recent consensus document developed using the ''Delphi Process'' methodology, investigators strongly recommended TID dosing versus BID dosing, and also set target doses of 4 mg TID at 3 months, 6 mg TID at 6 months, and 8 mg TID at 1 year. 9 An appropriate dose of oral treprostinil required in an early, low-risk patient is likely lower than the dose required in a patient transitioning from parenteral prostacyclins. For patients transitioning from IV/SC treprostinil, a higher dose of oral treprostinil is likely necessary for similar treprostinil exposure. In this analysis, patients on IV/SC treprostinil before transitioning to oral treprostinil achieved a median dose of 44.0 ng/kg/min. In a retrospective analysis, Benza et al. 12 reported that approximately 40 ng/kg/min of parenteral treprostinil is associated with improved long-term survival. If $1 mg TID of oral treprostinil provides a treprostinil exposure similar to a 6-ng/kg/min infusion in a 70-kg patient, 7 $20 mg (up to 7 mg TID) may be pharmacokinetically equivalent to 40-ng/kg/min infusion. Notably, in our analysis, we found the subset of patients who transitioned from IV/SC treprostinil to TID dosing with oral treprostinil achieved the highest median TDD (total doses >20 mg per day). These data seem to suggest that a strategy of ''priming'' with IV/SC treprostinil treatment may enable initiating oral therapy at a higher starting dose and allow patients to achieve higher TDDs. An ongoing prospective study is underway to test this hypothesis.
The major limitation of our study is that the data were collected from shipment records. Consequently, we were not able to provide any qualitative insights on the use of TID versus BID dosing such as adverse events or efficacy data to correspond with the dose titrations and TDDs achieved. We also were unable to collect any patient-level baseline data to help characterize treatment patterns. Another important limitation is that a selection bias exists, as only data for patients who were able to stay on therapy were analyzed.
In summary, our analysis suggests that prescribers favor TID dosing over BID dosing of oral treprostinil in realworld clinical practice. We believe this is related to an improved tolerability profile, especially during up-titration, and an ability to achieve higher TDDs for potentially greater clinical benefit. We note that a treatment strategy that incorporates use of IV/SC treprostinil before oral TID dosing may be a reasonable approach to achieve higher TDDs.
